We have characterized the effect of adding Ar, Ne, and He noble gases to C 4 F 8 inductively coupled plasmas for SiO 2 etching. The systematic variation of their ionization potentials, metastable energy levels, and mass of the dominant ion in C 4 F 8 /X% discharges ͑XϭHe, Ne, or Ar͒ containing a high percentage of the noble gas provides a means to evaluate the relative importance of gas phase and surface processes in the etching of SiO 2 . The total ion flux, ion composition, FC deposition and etching rates, and composition of the surface reaction layer formed on Si or SiO 2 in these discharges show systematic differences as a function of process parameters because of the different electron impact ionization thresholds for Ar, Ne, and He gases, and differences in the mass of the dominant ion for discharges containing a large proportion of the noble gas. For given experimental conditions ͑600 W and 20 mTorr for most of this work͒, Ar addition gives rise to the largest ion current density, and He to the smallest ion current density. When the noble gases are added to C 4 F 8 , the Ar ϩ ion flux contributes the largest percentage and He ϩ the smallest percentage of the total ion flux for the same dilution of C 4 F 8 with the noble gases. Ion compositional analysis shows that CF ϩ , CF 3 ϩ , and CF 2 ϩ are the dominant ionic fluorocarbon ͑FC͒ species ͑in order of importance͒, and that they show similar trends as a function of added Ar, Ne, and He percentage. The fluxes of the more highly dissociated C ϩ , F ϩ , and SiF x ϩ /COF x ϩ ions are greater when Ne and He are added to C 4 F 8 than for Ar addition. Ion energy distributions of all ions are displaced to lower energies for C 4 F 8 /Ar discharges as compared with C 4 F 8 /Ne or C 4 F 8 /He plasmas. Infrared laser absorption spectroscopy was used to determine absolute densities of neutral CF, CF 2 , and COF 2 radical species as a function of gas composition. The densities of CF 2 and COF 2 radical species were enhanced when Ne and He were added to C 4 F 8 in comparison to Ar addition. Fluorocarbon deposition rates on unbiased Si substrates were measured and greater for C 4 F 8 discharges with Ne or He additives than when Ar was added. Upon rf biasing of the substrates, the ion energies required for etching to take place are lowest for C 4 F 8 /Ar discharges, followed by C 4 F 8 /He and C 4 F 8 /Ne discharges. A comparison of x-ray photoelectron spectra of SiO 2 surfaces exposed to C 4 F 8 /X% discharges at Ϫ10 V self-bias voltage shows pronounced differences in the chemical bond distribution of fluorocarbon films which can be explained by differences in momentum transfer to the surface and the associated bond breaking of deposited fluorocarbon layers on the surface. A comparison of SiO 2 and Si etching rates in C 4 F 8 /X% discharges shows that for C 4 F 8 /Ne discharges containing more than 70%Ne the highest SiO 2 /Si but lowest SiO 2 /resist etching rate ratio is obtained.
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I. INTRODUCTION
Fluorocarbon ͑FC͒ plasmas produced using inductively coupled plasma sources have been extensively studied with regard to their use for plasma etching of SiO 2 and low dielectric constant films. [1] [2] [3] [4] [5] [6] Gas mixtures of fluorocarbon gases like c-C 4 F 8 or C 4 F 6 with noble gases are frequently used for SiO 2 etching. 7, 8 We previously showed that Ar addition to C 4 F 8 has profound consequences on gas phase and surface processes due to the strong increase of the plasma density that results from Ar addition, leading to strongly improved SiO 2 /Si etch rate ratios for C 4 F 8 /Ar discharges containing a high percentage of Ar ͑above 60% Ar͒. 9 The composition of the ion flux and the ion energy distribution of C 4 F 8 /Ar discharges are also strongly modified by the addition of Ar to C 4 F 8 .
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In this work we have determined the gas phase of C 4 F 8 /X% ͑XϭHe, Ne, or Ar͒ discharges and surface chemical characteristics of SiO 2 and Si substrates in contact with these discharges. The pronounced differences in electronimpact ionization thresholds between Ar ͑15.76 eV͒, 11, 12 Ne ͑21.54 eV͒, 13 differences in the electron energy distribution, the total ion current, ion and radical composition of these discharges, and also to differences in ion-surface interactions. A more detailed comparison of the electron impact ionization energy thresholds for Ar, 11, 12 Ne, 13 He, 14, 15 and C 4 F 8 ͑Ref. 16͒ gases is given in Fig. 1 , along with important thresholds for electron impact dissociation processes for C 4 F 8 . The figure shows that of the noble gases, Ar has the lowest metastable energy and ionization threshold ͑15.76 eV͒ levels. The large difference in ionization threshold energies between Ar and Ne or He is expected to lead to important differences in the electron energy distribution and ion energies and for gas mixtures, e.g., C 4 F 8 /X% discharges containing a large percentage of the noble gases X, and differences in their chemical makeup. The dominant neutral dissociation products of C 4 F 8 are C 2 F 4 and CF 2 . The position of the metastable energy for He, Ne, and Ar relative to the dissociation and ionization energy thresholds of C 4 F 8 and C 4 F 8 derived fragments is also very important and shows some important changes as we move from Ar to He ͑see Fig. 1͒ . According to Font et al., 16 direct production of CF 2 ϩ by electron impact of C 4 F 8 discharge requires the highest ionization energy. Font et al. 16 also point out that the dominant ion due to electron impact of C 4 F 8 is C 2 F 4 ϩ , and the next most important ion in C 4 F 8 discharges is CF 2 ϩ . Both dissociative ionization of C 4 F 8 and direct ionization from C 2 F 4 are responsible for this, whereas CF 2 ϩ is primarily produced by direct ionization of CF 2 .
The differences in electron-impact ionization thresholds and ion mass for the C 4 F 8 /X% discharges are in turn expected to produce different fluorocarbon deposition and FC, SiO 2 , and Si etching rates, providing the opportunity to produce insights as to the importance of certain gas phase and plasma-surface interaction mechanisms in determining the outcome of these plasma etching processes. We will show that the total ion flux, ion composition, ion energy distribution, the FC film deposition rate, the Si and SiO 2 etching rates, and the composition of the surface reaction layer formed on Si or SiO 2 in these discharges show systematic differences as a function of the amount of Ar, Ne, and He added to C 4 F 8 ͑for a given set of process parameters͒ which can be explained by the different electron impact ionization thresholds and ion masses for Ar, Ne, and He gases.
II. EXPERIMENTAL SETUP AND PROCEDURES

A. Inductively coupled plasma source
The rf inductively coupled plasma ͑ICP͒ reactor of planar coil design used in this work is shown in Fig. 2 . The locations of a Langmuir probe and a combined ion energy analyzer-mass spectrometer are also shown. For a description of experimental details on this setup the reader is referred to our previous publications. 9, 17, 18 In the present work, we studied C 4 F 8 /X% ͑XϭHe, Ne, or Ar͒ discharges and varied systematically the percentage of He, Ne, or Ar between 0% and 100%. Most of the experimental data were obtained at 20 mTorr pressure, 600 W rf source power, and a total gas flow of 40 sccm. These ''standard'' process conditions define a point in parameter space that, in combination with rf biasing of the substrates, is highly suitable for selective plasma etching of SiO 2 over Si for the current inductively coupled plasma reactor. 9, 17, 18 The substrate electrode was separately biased using 3.4 MHz rf power.
B. Diagnostic techniques
The ion current density was measured employing a Langmuir probe. The probe tip of the cylindrical Langmuir probe was biased at Ϫ100 V to prevent deposition of fluorocarbon films on the metal surface and collect ions in the ion saturation regime. The tip of the Langmuir probe was located about 7 mm above the center of the wafer. Additional ion saturation current measurements were performed at the location of the mass spectrometer sampling orifice.
Compositional analysis of the ion flux and ion energy analysis were performed, measured using a combined ion energy analyzer-mass spectrometer 10, 19, 20 that samples ions through an orifice. The ion energy distributions measured in this manner are essentially ion-flux energy distributions. Infrared laser absorption spectroscopy was used to determine absolute densities of neutral CF, CF 2 , and COF 2 radical species as a function of the amount of Ar, Ne, and He added to C 4 F 8 using procedures described previously. 9, 22 Measurements of FC deposition rates, FC, SiO 2 , and Si thin film etching rates, and characterization of the modified surface layers were performed using real-time He-Ne ellipsometry. When the SiO 2 etching rate was determined as a function of self-bias voltage, which provides a measure of the maximum ion energy, differences in the threshold energy at which SiO 2 etching took place were observed for the C 4 F 8 /X% discharges. To provide insight as to the differences in surface composition near this threshold energy, x-ray photoemission spectroscopy was performed with SiO 2 surfaces etched at a constant self-bias voltage of Ϫ10 V in C 4 F 8 /X% ͑XϭHe, Ne, or Ar͒ discharges.
III. RESULTS AND DISCUSSION
A. Ion saturation current densities
The ion saturation current densities of 100% Ne and Ar discharges measured using a Langmuir probe are shown in Fig. 3 as a function of rf power at 20 mTorr processing pressure. The tip of the Langmuir probe was positioned either 7 mm above the wafer center or at the ion sampling position ͑see Fig. 2͒ . The measured ion current density showed a roughly linear increase for both noble gases. At both sampling positions a higher ion current density was obtained with Ar. For instance, for a 600 W Ar discharge the ion current density was 42 mA/cm 2 at the wafer center for Ar, and 23 mA/cm 2 for Ne. The higher ion current densities of Ar plasmas relative to Ne discharges can be explained by the lower electron impact ionization threshold of Ar as compared to Ne. Figure 3 does not show data for 100% He discharges, since we found it very difficult to maintain stable He discharges for these experimental conditions in our ICP apparatus. On the other hand, when only 10% of C 4 F 8 was added to He, stable discharges could be easily maintained using these conditions. The ion current densities of pure Ne and He discharges should be very similar because of the similarity of the electron impact ionization thresholds, and the fact that the ion currents measured with C 4 F 8 /Ne and C 4 F 8 /He discharges containing a high percentage of the noble gas were nearly identical. Figure 4͑a͒ shows the measured ion current densities ͑ICD͒ of C 4 F 8 /Ar, C 4 F 8 /Ne, and C 4 F 8 /He plasmas as a function of the percentage of the noble gas added at the wafer center. The ICD increases strongly with noble gas percentage. For Ar/C 4 F 8 discharges the ICD is always the highest, and for Ne/C 4 F 8 and He/C 4 F 8 plasmas the ICD is nearly identical. Figure 3 showed that the ICD near the edge of the discharge ͑location of the orifice of the ion sampling system͒ was lower than at the wafer center. This shows that the ion density drops off radially. We also calculated the ratio of the ICD at the ion sampling position ͑edge of the discharge͒ to the ICD at the center of the discharge. This is shown in Fig.  4͑b͒ , and provides information of the uniformity of the ion current in the C 4 F 8 /X% discharges as a function of gas composition. The highest ratio ͑85%͒ of the ICD at the ion sampling position over the ICD at the wafer center was measured when 60% of the noble gases were added to C 4 F 8 /X%. We find better ion current uniformity with Ne and He gas additives than with Ar addition to C 4 F 8 if a high percentage of the noble gases was used. ͑a͒ Measured ion saturation current densities at the wafer center for C 4 F 8 /X% discharges ͑XϭHe, Ne, or Ar͒ as a function of gas composition. ͑b͒ The ratio of the ion saturation current at the edge of the plasma ͑ion sampling position͒ over the ion saturation current at the wafer center as a function of gas composition.
B. Ion composition, ion flux, and ion energy distribution measurements
The previous section showed that the different electron impact ionization thresholds of He, Ne, and Ar produce different ion current densities in discharges fed with C 4 F 8 /noble gas mixtures. In this section we describe the results of measurements aimed at determining differences in ion composition and ion energy distribution ͑IED͒ function for C 4 F 8 /X% ͑XϭHe, Ne, Ar͒ discharges. Data on ion composition, ion fluxes, and ion energy distributions for C 4 F 8 /Ar discharges have previously been reported. 10 Figure 5 shows mass spectra of the ions produced in pure c-C 4 F 8 ͑a͒, 90%Ar/C 4 F 8 ͑b͒, 90%Ne/C 4 F 8 ͑c͒, and 90%He/C 4 F 8 ͑d͒ discharges at 20 mTorr pressure and 600 W rf power. For a pure C 4 F 8 discharge, the dominant fluorocarbon ion is CF ϩ followed by CF 3 ϩ . For a 90%Ar/C 4 F 8 discharge, the dominant ion is Ar ϩ , and the dominant fluorocarbon ion is CF 3 ϩ . Other ions producing significant ion fluxes include CF 2 ϩ , CF ϩ , C ϩ , C 2 F 5 ϩ , and C 2 F 4 ϩ . For the 90%Ne/C 4 F 8 and 90%He/C 4 F 8 discharges the dominant ions are Ne ϩ and He ϩ , whereas the dominant fluorocarbon ions are CF 3 ϩ and CF ϩ , respectively. As compared to 90%Ar/C 4 F 8 discharges, a much higher density of C ϩ , F ϩ , Si ϩ /CO ϩ , SiF ϩ /COF ϩ , SiF 2 ϩ /COF 2 ϩ , and SiF 3 ϩ ions is produced in 90%Ne/C 4 F 8 or 90%He/C 4 F 8 plasmas. This should reflect differences in the electron energy distribution function, but may also be due to the higher energies of the Ne and He metastables produced in these discharges. In addition, a greater capacitive coupling component and erosion of the quartz coupling window 23 should be the cause of the relatively high density of SiF ϩ /COF ϩ , SiF 2 ϩ /COF 2 ϩ , and SiF 3 ϩ ions measured for 90%Ne/C 4 F 8 or 90%He/C 4 F 8 plasmas ͑FC deposition takes place on the unbiased Si or SiO 2 substrates in contact with the plasma, and they cannot be the source of these products͒. From the ion spectra, the percentage contribution of each ion to the total ion flux can be calculated and provides a rough picture on the variation of the composition of the total flux as a function of gas mixture. This is shown in Fig. 6 , and only includes the major ions for the C 4 F 8 /X% discharges as a function the percentage Ar ͓Fig. 6͑a͔͒, Ne ͓Fig. 6͑b͔͒, and He ͓Fig. 6͑c͔͒ added at the standard process conditions of 20 mTorr pressure and 600 W rf power. Figure 6 shows that CF ϩ ions contribute 40% of the total ion flux for a C 4 F 8 discharge, and that this contribution monotonically decreases with the proportion of noble gas added. CF 3 ϩ ions contribute a little bit more than 20% of the total ion flux for pure C 4 F 8 , and initially slightly increase in relative importance as the Ar, Ne, or He are added, and subsequently decrease. The percentage contribution of CF 2 ϩ to the total ion flux is initially less than 10%, and nearly doubles when up to 60% Ne or He is added to C 4 F 8 , but then decreases above 60% noble gas additive. For Ar/C 4 F 8 the relative contribution of CF 2 ϩ to the total ion flux is nearly constant. The relative importance of Ar ϩ to the total ion flux at 90% noble gas addition is greater than the contribution of Ne ϩ or He ϩ which can be explained by the magnitude of the electron impact ionization threshold relative to other possible processes shown in Fig. 1 .
From the measured ICD and the ion mass spectra, the ion current density for each ion can be calculated. This information is shown in Fig. 7 for the major ionic species as a function of the percentage Ar, Ne, and He added to C 4 Ar, Ne, and He addition, respectively. The C ϩ , F ϩ , and Si ϩ /CO ϩ ion fluxes increase more quickly with Ne and He addition than with Ar addition. The C 3 ϩ , CF ϩ , CF 2 ϩ , and CF 3 ϩ ion fluxes increase when up to 60% of the noble gases are added, and decrease for all three noble gases when more than 60% are added. The increase of the total ion flux can be explained by channeling the applied rf power into ionization, rather than dissociation as the proportion of the atomic gas in the gas mixture increases. The initial increase of the fluorocarbon related ions reflects the increase of the plasma density as a low percentage of each of the noble gases is added to C 4 F 8 . The decrease of the fluorocarbon ion flux above 60% noble gas addition is explained by the limited C 4 F 8 gas supply for these conditions. The behavior of the fluxes of heavy ions like C 2 F 4 ϩ , C 3 F 3 ϩ , and C 3 F 5 ϩ is also consistent with this picture, i.e., the small increase as 20% noble gas is added, and a rapid decrease for higher levels of noble gas addition can be explained by the increased plasma density and the limited availability of the C 4 F 8 gas. A more detailed analysis of the change of individual ion fluxes with noble gas addition, and differences from one noble gas to the other, e.g., the behavior of the CF 2 ϩ ion flux in Ne/C 4 F 8 and He/C 4 F 8 discharges, which is different from that of Ar/C 4 F 8 discharges, requires a more detailed comparison of the experimental data with the energy level diagram shown in Fig. 1 , but will not be undertaken here. Figure 8 shows CF ϩ , CF 2 ϩ , and CF 3 ϩ ion energy distributions measured with 90%Ar/C 4 F 8 , 90%Ne/C 4 F 8 , and 90%He/C 4 F 8 discharges. All measured IED are relative to ground and show the characteristic saddle-shape. Both the highest and the lowest ion energies are lower for Ar addition than for Ne or He addition. The electron energy distribution determines the plasma potential, which will determine the highest ion energies which will be measured by the grounded ion energy analyzer. The differences of the IEDs shown in Fig. 8 are explained by the lower inelastic collision energy thresholds of Ar relative to He and Ne, and the resulting changes of the electron energy distributions.
C. Neutral fluorocarbon species measurements
The density of CF, CF 2 , and COF 2 radicals was obtained using infrared laser absorption spectroscopy during fluorocarbon deposition ͑no rf bias͒. Figure 9 shows The relative importance of CF increases as the noble gas percentage is increased. Overall, because of the scatter in the data it is difficult to make any definitive statements on a dependence of the FC radical densities on the type of noble gas added, although it appears that the CF species density is higher for C 4 F 8 /Ar discharges than for C 4 F 8 /Ne or C 4 F 8 /He discharges. The density of COF 2 species is higher for Ne or He addition to C 4 F 8 if the percentage of the noble gas is greater than 50%. The COF 2 is produced by the etching of the reactor coupling window due to the capacitive coupling effect. The COF 2 radical density data are consistent with the ion analysis data described above. Figure 10 shows the fluorocarbon deposition rate as a function of the percentage of Ar, Ne, and He added to C 4 F 8 ͑standard process conditions, no rf bias applied͒. The fluorocarbon deposition rate is always higher with the Ne or He additives than with the Ar additive. The observed overall trend towards lower fluorocarbon deposition rates for all gas mixtures as the proportion of the noble gases is increased is expected because of the reduced supply of C 4 F 8 molecules to the reactor. The consistent differences in fluorocarbon growth rates between He, Ne, and Ar gas additives appear mechanistically interesting and warrant further studies. Figure 11 shows the corresponding fluorocarbon etching rates at Ϫ100 V self-bias voltage. For these experiments initially a fluorocarbon film was deposited without rf bias. The same film was then etched back using the same gas mixture by applying an rf bias. The etching rates increase gradually with Ar, Ne, and He addition up to 60%-70% of the gas mixture. The FC etch rates decreased when the Ar, Ne, and He content was increased above 70%. The initial increase of the fluorocarbon etching rate is explained by the boost of the ion current as a result of noble gas addition to C 4 F 8 . The etch rate decrease at high noble gas proportions is due to a lack of C 4 F 8 and the associated changes in ion and neutral composition. Figure 12 shows the measured SiO 2 etching rate as a function of self-bias voltage for C 4 F 8 /80%Ar, C 4 F 8 /80%Ne, and C 4 F 8 /80%He gas mixtures for discharges produced using 600 W inductive power, 20 mTorr pressure, and a total gas flow of 40 sccm. At low self-bias voltage, net fluorocarbon deposition is observed. As the self-bias voltage is increased, the FC deposition rate is reduced, and for self-bias voltages more negative than Ϫ25 V SiO 2 etching takes place for all gas mixtures. Figure 12 shows that for our conditions the etching threshold is lowest with Ar ͑Ϫ2 V͒ and is highest with Ne ͑Ϫ12 V͒. The etching threshold is very close for Ne and He gas additive. The differences in the etching energy thresholds between Ar and Ne or He should at least in part be due to changes in the mass of the dominant ion, i.e., Ar ϩ , Ne ϩ , or He ϩ . The efficiency of the energy transfer to the SiO 2 layer is higher for Ar ϩ than for Ne ϩ or He ϩ . In addition, the stoichiometry of the deposited FC layers needs to be considered in the etching and the contribution of FC ions, since for low ion energies steady-state etching of the oxide occurs through a fluorocarbon layer that is present on the SiO 2 surface. 24 The F/C ratio of deposited fluorocarbon films is slightly higher for Ar ͑1.37͒ as compared with He ͑1.35͒ and Ne ͑1.28͒. This may explain why the etching threshold with C 4 F 8 /He is slightly smaller than for C 4 F 8 /Ne. It has also been observed that the SiO 2 etching yield increases with the average ion F/C ratio. 25 The average ion F/C ratio calculated from Fig. 7 is 0.56 ͑Ar͒, 0.60 ͑Ne͒, and 0.85 ͑He͒, respectively. It is clear that the higher SiO 2 etching rates measured for C 4 F 8 /Ar relative to C 4 F 8 /Ne or C 4 F 8 /He are primarily caused by the higher ion current densities seen for C 4 F 8 /Ar ͑see Fig. 4͒ . This is also consistent with the etching yield data reported below. The dependence of the SiO 2 , Si, and resist etching rates at a fixed self-bias voltage of Ϫ100 V on gas composition in C 4 F 8 /Ar, C 4 F 8 /Ne, and C 4 F 8 /He gas mixtures at 20 mTorr pressure and inductive powers of 600 W is shown in Fig. 13 . This etching condition is at a point where the SiO 2 etching rate increases only slowly with ion energy ͑see Fig. 12͒ . The SiO 2 etching rate increases up to 60% noble gas addition for all additives ͓see Fig. 13͑a͔͒ . Above that the SiO 2 etch rate decreases, more strongly for He than for the other noble gases. Interestingly, the maximum SiO 2 etching rate at 60% noble gas addition is the same for all noble gases. The SiO 2 etch rates above the etch rate maximum are basically the same for Ne and Ar, even though the total ion current differs. This shows that in this regime the etching rate is limited by the neutral reactant supply.
D. Fluorocarbon deposition and etching
E. Effects of adding
Silicon etching rates are shown in Fig. 13͑b͒ . The Si etching rate is greater with Ar addition than for Ne addition. At 70% and 80% noble gas addition, the Si etching rate is greatest for the He containing discharges. The latter result is possibly due to the increase of the oxygen level in the discharge due to the increased capacitive coupling and erosion of quartz coupling window in the He containing discharge ͑see Figs. 5 and 9͒.
Resist etching rates are shown in Fig. 13͑c͒ . The resist etching rates increase as the proportion of the noble gas is raised, and initially does not depend on the noble gas added. At 60% and 70% noble gas addition, higher resist etching rates are measured for Ne and He gas addition than for Ar addition. For Ne/C 4 F 8 discharges containing 70% and 80% Ne, resist etching rates near 300 nm/min are measured.
From the etching rates, the SiO 2 /Si and SiO 2 /resist etch rate ratios were obtained as a function of the percentage of Ar, Ne, and He added to C 4 F 8 and are shown in Fig. 14 . The highest SiO 2 /Si etch rate ratio ͑ϳ8͒ was obtained with 80% Ne/C 4 F 8 discharges. On the other hand, the SiO 2 /resist etch rate ratio using 80% Ne/C 4 F 8 discharges was only slightly greater than 1, whereas for 80% Ar/C 4 F 8 it was about 4.
SiO 2 and Si etch yields (SiO 2 or Si removed per incident ion͒ were calculated as a function of the percentage of Ar, Ne, and He added to C 4 F 8 and are shown in Fig. 15 . For SiO 2 the etch yield increases as the percentage of noble gas in C 4 F 8 is increased, reaches a maximum at 60%, and subsequently decreases rapidly ͓Fig. 15͑a͔͒. Also for Si the etch yield is highest in the range of 20%-60% noble gas addition, and the values for He, Ne, and Ar are similar ͓Fig. 15͑b͔͒. At 80% noble gas addition, both the SiO 2 and Si etch yields are higher for C 4 F 8 /Ne and C 4 F 8 /He discharges than for C 4 F 8 /Ar. In part this should be explained by the higher average ion F/C ratio measured for the He and Ne containing discharges.
For fluorocarbon discharges, the SiO 2 /Si etching selectivity correlates with the thickness of the steady-state fluorocarbon layer thickness on Si.
5 Figure 16 displays the ellipsometrically measured thickness of the transparent FC/SiF x layer formed on Si during plasma etching. The addition of Ne to C 4 F 8 leads to the thickest steady-state fluorocarbon layers on Si, especially at higher percentages of Ne additive. This is consistent with the high SiO 2 /Si etch rate ratio seen for C 4 F 8 /Ne discharges. The addition of He to C 4 F 8 leads to the thinnest steady-state fluorocarbon layers on Si, consistent with the lower SiO 2 /Si etch rate ratio seen for C 4 F 8 /He discharges.
F. SiO 2 surface analysis
To obtain information on changes in surface chemistry as a result of adding Ar, Ne, and He gases to C 4 F 8 discharges, XPS analysis was performed with Si ͑no rf bias, FC film deposition͒ and SiO 2 when an Ϫ10 V self-bias was applied. Without rf bias, 300 nm thick FC films were deposited in either pure C 4 F 8 , C 4 F 8 /80%Ar, C 4 F 8 /80%Ne, or C 4 F 8 /80%He plasmas at 20 mTorr pressure and 600 W rf power ͑Fig. 17͒. The CF 2 component shows the highest intensity for the FC film produced in the C 4 F 8 discharge. The spectra of the deposited fluorocarbon film produced in C 4 F 8 /80%Ar, C 4 F 8 /80%Ne, and C 4 F 8 /80%He plasmas are very similar. The integrated C (1s) intensity is greater for the C 4 F 8 discharge produced film than for FC films formed in C 4 F 8 /80%Ar, C 4 F 8 /80%Ne, or C 4 F 8 /80%He discharges.
To examine surface chemistry differences near the SiO 2 etching threshold for C 4 F 8 /80%Ar, C 4 F 8 /80%Ne, or C 4 F 8 /80%He plasmas, SiO 2 films were exposed to these discharges at Ϫ10 V self-bias voltage for 1 min at the ''stan- dard'' conditions ͑see Fig. 18͒ . In this case SiO 2 etching was observed for C 4 F 8 /80%Ar, the SiO 2 etching rate was negligible for C 4 F 8 /80%He, and FC film deposition was seen for C 4 F 8 /80%Ne ͑see Fig. 12͒ . To prepare these surfaces, initially 150 nm of SiO 2 was etched using a self-bias voltage of Ϫ100 V. Subsequently, the self-bias voltage was reduced to Ϫ10 V and the SiO 2 surface exposed for 1 min. High resolution C 1s electron emission spectra obtained after the above plasma processes are shown in Fig. 18 . With the Ar additive, there is only a thin FC layer. The C-CF x is of the highest intensity. With the Ne additive, a thicker FC layer is observed, and the CF 2 component shows the highest intensity. The F/C ratios on the SiO 2 layer with Ar, Ne, and He additives are 0.84, 1.31, and 1.29, respectively.
IV. CONCLUSIONS
Important differences in the electrical and chemical characteristics of inductively coupled C 4 F 8 /X% discharges ͑X ϭHe, Ne, or Ar͒ have been observed. We find that the ion current density is highest for C 4 F 8 /Ar discharges, and is explained by the lower electron impact ionization thresholds relative to Ne and He. Differences in the inelastic electron collision threshold energies also influence ion and neutral composition, and ion energetics of these discharges. Surface processes and processing rates are affected as well, in particular for discharges containing a very high proportion of the noble gas. For instance, the measured FC deposition and etching rates are higher with Ne and He additives than with Ar. For SiO 2 , Si, and resist etching interesting differences were observed. For instance, the threshold energy to induce SiO 2 etching was lowest for Ar addition, followed by He and Ne. The SiO 2 /Si and SiO 2 /resist etch rate ratios also depend on the type of noble gas added to C 4 F 8 . Most of the observations can be explained by differences in the electron structure of the noble gases ͑inelastic electron collision threshold energies͒ and by the noble gas ion mass.
